E47 and Pip are proteins crucial for proper B-cell development. E47 and Pip cooperatively bind to adjacent sites in the immunoglobulin kappa chain 3 enhancer and generate a potent transcriptional synergy. We generated protein-DNA computer models to visualize E47 and Pip bound to DNA. These models predict precise interactions between the two proteins. We tested predictions deduced from these models by mutagenesis studies and found evidence for novel direct interactions between the E47 helix-loop-helix domain (Arg 357 or Asp 358) and the Pip N terminus (Leu 24). We also found that precise spatial alignment of the binding sites was necessary for transcriptional synergy and cooperative DNA binding. A Pip dominant negative mutant that cannot synergize with E47 inhibited enhancer activity in plasmacytoma cells and could not activate transcription in pre-B cells. Using electrophoretic mobility shift assays, we found that Pip can bind to the heavy-chain intron enhancer region. In addition, we found that in fibroblasts Pip greatly increased E47 induction of germ line I transcripts associated with somatic rearrangement and isotype class switching. However, a Pip dominant negative mutant inhibited germ line I transcripts. The importance of these results for late B-cell functions is discussed.
During B-cell development, cells progress through an ordered series of steps, including pro-B-, pre-B-, B-, and plasmacell stages. These stages can be defined by expression of specific cell surface markers and ordered rearrangement of immunoglobulin (Ig) heavy-chain and light-chain genes (28) . The heavy-chain genes usually rearrange first, early in B-cell development during the change from the pro-B-to the pre-Bcell stage. Ig light-chain genes (kappa and lambda) are unrearranged and transcriptionally silent at the pro-B-cell stage but undergo somatic rearrangement during the pre-B-to B-cell transition to produce a productive light-chain gene. B cells subsequently undergo class switch recombination to produce antibodies with different effector functions.
A variety of studies indicate that enhancers at the Ig heavychain and light-chain loci are very important for proper B-cell development (23, 59, 63) . These enhancers play crucial roles not only in Ig transcription but also in somatic rearrangement, isotype class switch recombination, somatic mutation, and control of chromatin structure (5, 35, 37, 43, 48) . A variety of transcription factors [E2A, EBF, PU.1, BSAP(Pax-5), Pip, and IKAROS] are known to control development of the B-cell lineage (18, 33, 42) , and many of these factors bind to the multiple Ig gene enhancers and regulate their activities.
The E2A gene product binds to heavy-chain and light-chain gene enhancers and is responsible for controlling early B-cell development (1, 70, 71) . E2A belongs to the helix-loop-helix (HLH) class of transcription factors, which are necessary for numerous developmental processes, including myogenesis, hematopoiesis, neurogenesis, and sex determination (2, 9, 39, 44, 67) . The E2A gene encodes three gene products (E12, E47, and E2-5), which differ either at their N-terminal regions or within the basic HLH (bHLH) region by differential RNA processing. E2A proteins can form either homodimers or heterodimers with other HLH proteins. However, in B cells E47 primarily forms homodimers (60) .
Although the E2A proteins are ubiquitously expressed, E2A knockouts primarily affect B-cell development and arrest Bcell differentiation at an early stage (1, 70, 71) . The E2A proteins are crucial for proper somatic rearrangement of Ig and T-cell receptor genes (3, 8, 56, 58) , and ectopic expression of E2A in non-B cells can induce sterile I transcripts associated with somatic rearrangement of Ig heavy-chain genes (8, 58) . Late in B-cell development, E2A is also implicated in Ig class switch recombination (54) . Therefore, E2A is crucial for both early and late functions in B-cell development.
Another protein needed for B-cell development, Pip, is an interferon regulatory factor (IRF)-related protein expressed primarily in B-lymphoid cells and variously called NF-EM5, LSIRF, IRF4, or ICSAT (12, 40, 42, 51, 68) . Pip binds to Ig light-chain enhancers via a winged HTH domain and is expressed at lower levels in pre-B cells than in plasma cells, when Pip expression increases dramatically (6, 12) . Mutation of the Pip gene by homologous recombination yields mice with normal numbers of B and T cells, but these mice show greatly reduced serum Ig concentrations (42) . B-and T-cell function is compromised, and knockout mice fail to mount detectable antibody responses (42) . These results indicate that Pip is very important for late B-cell functions.
Pip binds to DNA very poorly on its own but is efficiently recruited to DNA by interaction with the Ets-related factor PU.1 (13, 51, 52) . Interestingly, Pip also cooperatively binds to DNA in association with the E2A protein E47 (45) . This cooperative interaction leads to a 100-fold transcriptional synergy between Pip and E47. Since E47 is required for both early and late B-cell functions but Pip is needed only for late B-cell development, the functional synergy between E47 and Pip is likely to be important for some late B-cell function. The identity of this function, however, is unknown. Understanding the mechanism of interaction between E47-Pip is likely to be important not only for understanding enhancer function but also for deciphering the late B-cell functions mediated by both proteins during hematopoietic development.
We prepared computer-generated molecular models to approximate the structures of the DNA binding domains of E47 and Pip bound to adjacent sites on the Ig 3Ј enhancer. These models predicted close association of the Pip N terminus and the E47 HLH regions. They also suggested that nucleotide insertions between the E47 and Pip sites would disrupt E47-Pip interaction. We show here that these predictions are accurate. We found that a single-base-pair insertion between the E47 and Pip sites severely compromised cooperative DNA binding and transcriptional synergy. We found that specific amino acid residues within the Pip amino-terminal region are needed for transcriptional synergy and efficient cooperative DNA binding with E47. We also identified residues within the E47 HLH region that are needed for synergy with Pip. These E47 and Pip contacts represent a novel mechanism of interaction between HLH and IRF domain proteins. As expected, Pip mutants that cannot synergize with E47 acted as dominant negative mutants in plasma cells and failed to stimulate enhancer activity in pre-B cells. Interestingly, a previously unidentified Pip site within the Ig heavy-chain enhancer region apparently mediates E47-Pip synergy which induces germ line I transcripts associated with somatic rearrangement and isotype class switching. The implications of our results for late B-cell functions is discussed.
MATERIALS AND METHODS

DNA constructs.
Reporter plasmid (E47-Pip) 4 LBKCAT is identical to reporter plasmid 7 reported previously (50) . Preparation of the CoreTKCAT plasmid was previously described (49) . Oligonucleotide sequences in the Ins1, Ins2, Ins5, and Ins10 reporter constructs (see Fig. 2 ) were inserted into the LBKCAT reporter as BamHI-BglII fragments and multimerized into four copies as described previously (50) . Mutant E47 and Pip DNA constructs were prepared by PCR with appropriate oligonucleotide primers or by overlap extension PCR (29) with primers containing the appropriate mutant sequences. Specific details of mutant construction are available upon request.
Cell culture and transfections. NIH 3T3 cells were grown in Dulbecco's modified Eagle medium supplemented with 10% fetal calf serum and transfected by the calcium phosphate coprecipitation method (24) . Cells were harvested at 48 h posttransfection. Each transfection mixture contained 1 g of a ␤-galactosidase-expressing plasmid to normalize transfection efficiencies, 3 to 5 g of reporter plasmid, and 3 to 5 g of either empty expression vector (cytomegalovirus [CMV]) or CMV effectors. Transfection efficiencies were normalized by using ␤-galactosidase activity, and chloramphenicol acetyltransferase (CAT) assays followed by thin-layer chromatography were performed as described by Gorman et al. (22) . Percent CAT activity was calculated by scintillation counting of the acetylated product and substrate spots. In each case transfections were performed three to five times. S194 and 3-1 cells were grown and transfected as previously described (50) .
Molecular models. Initial molecular models of the DNA binding domains of E47 and Pip on the wild-type and single-insertion mutant Ig enhancer sites were generated as follows: (i) ideal double-stranded B-form DNA helices corresponding to the sequence 5ЈACATCTGTT(T)GCTTTCGCTCCCATCC3Ј, where (T) indicates the insertion, were generated with the program Namot2 (http://www .t10.lanl.gov/namot); (ii) using the graphical display program Setor (16), the coordinates for residues 335 to 392 of the homodimeric bHLH DNA binding domain of E47 were manually docked onto the E2A recognition site CATCTG of the enhancer, matching contacts observed to the corresponding sequence CACCTG in the crystallographic structure of the E47-DNA complex (14) ; and (iii) the coordinates for residues 7 to 111 of the winged HTH DNA binding domain of IRF-1 (used as a homology model for residues 23 to 127 of Pip; see reference 15 for a sequence alignment) were docked onto the Pip recognition site GCTTTCG of the enhancer, matching contacts observed to the corresponding sequence TTTC in the crystallographic structure of the IRF-1-DNA complex (pdb file 1IF1) (15) . To include the effects of nucleic acid bending, the coordinates of the two DNA-protein complexes were merged such that the 3Ј T (bold) of the E47-DNA complex (AACACCTGGCT) was superimposed upon the 5Ј A (bold) of the IRF-1-DNA complex (ACTTTCACTTCTC). Underlined sequences are the core E47 and IRF-1 binding sites, respectively. This served to orient the two complexes, with their crystallographically observed DNA bending, into the juxtaposition of the E74 and Pip recognition sites within the Ig enhancer.
EMSA. Electrophoretic mobility shift assays (EMSA) were performed with about 0.1 ng (15,000 cpm) of either the Ig E47-Pip DNA probe (ACATCTG TTGCTTTCGCTCCCATCC), the E4 DNA probe (CCAGGTGGTGTTTTG CTCAGCCTGG), or a 220-bp HinfI-HinfI DNA fragment containing the heavychain intron enhancer core. Reaction mixtures consisted of 20 l containing 2 g of poly(dI-dC), 10 mM Tris-HCl (pH 7.5), 50 mM NaCl, 1 mM dithiothreitol, 1 mM EDTA, 5% glycerol, and various proteins. Glutathione S-transferase (GST) fusion proteins were prepared as described by Kaelin et al. (32) , and EMSA reaction mixtures contained 0.1 to 2 g of each protein. Samples were fractionated on 4% polyacrylamide gels in 0.25ϫ Tris-borate-EDTA buffer.
Reverse transcription-PCR (RT-PCR).
Transfected NIH 3T3 cells were harvested 2 days after transfection, and RNA was prepared by the Trizol method according to the specifications of the manufacturer (GibcoBRL). Twenty-five micrograms of total RNA was treated with DNase I and then copied into cDNA by using Superscript II (Stratagene) according to the manufacturer's recommended procedures. After digestion of RNA with RNase H, the cDNA was diluted 10-fold. One microliter and two successive fourfold dilutions were subjected to PCR with outer I primers (forward, ACCTGGGAATGTATGGTT GTGGCTT; reverse, ATGCAGATCTCTGTTTTTGCCTCC) for 20 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s. Five microliters of the first PCR mixture was subjected to PCR with the inner I primers (forward, GGTGGCT TTGAAGGAACAATTCCAC; reverse, TCTGAACCTTCAAGGATGCTCT TG) and trace amounts of [␣-32 P]dCTP, using the same cycle parameters. PCR with the actin primers (forward, GCCGCACTCGTCATTGACAATGG; reverse, CCCGTTCAGTCAGGATCTTCATGAG) was performed only through the first PCR step. PCR products were separated on 8% polyacrylamide gels, dried, exposed to X-ray film, and quantitated with a Bio-Rad phosphorimager.
RESULTS
Models of E47 and Pip on DNA. Our previous work showed that E47 and Pip bind to adjacent DNA sequences within the Ig 3Ј enhancer (45) . The close proximity of the E47 and Pip binding sites, their cooperative DNA binding, and their transcriptional synergy suggested an intimate relationship between the proteins on DNA. To visualize how these proteins might interact when bound to the Ig 3Ј enhancer, we prepared models based upon the existing crystal structure of E47 (14) in association with the DNA binding domain of the Pip relative IRF-1 (15) . We reasoned that the high degree of homology between the Pip and IRF-1 DNA binding domains (12) would make IRF-1 a suitable model for Pip in our studies. The first six residues of IRF-1 in the published structure appear to be disordered in the crystal complex, and thus our model corresponds to Pip residues 23 to 127 (15) .
The E47-Pip (IRF-1)-DNA model generated suggested close associations between the proteins on DNA (Fig. 1A and  B) . In particular, the model suggested that the Pip (IRF-1) N-terminal tail makes direct contacts with the HLH domain of E47. If E47-Pip synergy depended upon such protein-protein contacts, nucleotide insertions between the E47 and Pip binding sites would be expected to compromise these interactions. Therefore, we also modeled E47 and IRF-1 on the Ig 3Ј enhancer sequence with a 1-bp insertion between the E47 and Pip binding sites ( Fig. 1C and D ). In this model, the Pip N terminus is rotated by about 36°and translated away by about 3.4 Å to a distinct position in relation to E47 (compare Fig. 1B and D). If the synergy between E47 and Pip requires interaction between the E47 HLH region and the Pip N-terminal sequence, this mutation would be expected to disrupt those interactions.
Nucleotide insertions between the E47 and Pip sites destroy transcriptional synergy and reduce cooperative DNA binding.
We prepared reporter constructs containing either multimers of the wild-type E47-Pip binding site or multimers with a 1-bp insertion between their binding sites and tested their function by transient-expression assays in NIH 3T3 cells. Similar to previous results (45), the wild-type E47-Pip site reporter showed little activity with either E47 or Pip cDNA alone but yielded a potent (50-fold) transcriptional synergy when the two were transfected together ( Fig. 2A lanes 1 to 3) . Interestingly, the 1-bp insertion construct nearly completely abolished the E47-Pip transcriptional synergy (lanes 4 to 6). This loss in synergy was not due to an inability of E47 to bind DNA alone, because both constructs were equally activated by a forced dimer E47 construct (head-to-tail copies of E47 connected by a flexible linker sequence) (61) which shows high activity on the Ig 3Ј enhancer E47 sequence (Fig. 2B ). In addition, EMSA showed comparable binding of E47 to both the wildtype and 1-bp insertion probes (Fig. 2C, lanes 1 and 3) . Fulllength Pip does not bind to DNA efficiently, but a truncated Pip protein binds to DNA well (6, 7, 12, 45) . We found that a truncated Pip protein (Pip 1-182) bound equally to wild-type To be certain that the loss in synergy was not due to some peculiar feature of the 1-bp insertion construct, we prepared additional insertion constructs containing either 2-, 5-, or 10-bp insertions between the E47 and Pip sites. Like the 1-bp insertion construct, each of these constructs resulted in a dramatic loss of transcriptional synergy between E47 and Pip (Fig. 2E) .
The Pip N terminus is required for transcriptional synergy and maximal cooperative DNA binding. Our E47-Pip (IRF-1)-DNA model shown in Fig. 1 suggested that the Pip N-terminal region might be involved in direct protein-protein interactions with E47. To test this idea, we prepared several constructs with various deletions within the Pip N-terminal 24 amino acids, and tested their ability to activate transcription in association with E47. We found that deletion of Pip residues 2 to 24 resulted in complete loss of transcriptional synergy compared to that with wild-type Pip (Fig. 3A, lanes 2 and 3) . Deletion of residues 2 to 14 had a modest effect on synergy, but a great loss was observed upon deletion of residues 15 to 24 (lanes 4 and 5). Deletion of Pip residues 15 to 19 had a small effect on synergy, but synergy was lost upon deletion of residues 20 to 24 (lanes 6 and 7). Western blots of extracts from transfected cells with Pip antisera indicated appropriate expression of each mutant construct (lanes 8 to 13). In summary, our results indicate that Pip residues 20 to 24 are crucial for transcriptional synergy with E47.
By comparison to the IRF-1 structure, the Pip winged HTH DNA binding domain resides between residues 26 and 127 (12, 15) . This raised the possibility that deletion of sequences adjacent to the DNA binding domain might reduce the ability of Pip to bind to DNA. However, EMSA studies showed that the Pip 1-182⌬2-24 protein bound to DNA even more efficiently than the Pip 1-182 protein (Fig. 3B, lanes 1 and 2) . In contrast, cooperative DNA binding in association with E47 was greatly compromised by deletion of Pip residues 2 to 24 (lanes 5 and 6). Therefore, our results strongly indicate that Pip residues 20 to 24 are necessary for Pip transcriptional synergy with E47 and that the Pip N-terminal sequences are also necessary for maximal cooperative DNA binding with E47.
To more precisely identify the Pip residues needed for transcriptional synergy with E47, we prepared individual alanine point mutations between Pip residues 20 and 24. These mutant proteins were assayed by transfection into NIH 3T3 cells. Mutation of Pip Leu 24 resulted in a dramatic loss in transcriptional synergy (Fig. 3C, lane 13) , while a twofold reduction was observed when Gly 22 was mutated (lane 11). Mutation of Gly 20, Asp 21, or Lys 23 had minimal impact on transcriptional synergy with E47 (lanes 9, 10, and 12). Thus, the most important residue within this region is Pip Leu 24. Again, Western blots of extracts isolated from transfected cells indicated appropriate expression of each Pip mutant protein (lanes 14 to 19).
Identification of E47 residues important for synergy with Pip. Our E47-Pip-DNA model in Fig. 1 suggested that the Pip N-terminal region might contact sequences within the E47 HLH region. The closest contacts appeared to lie within either E47 helix 1 or the loop sequence. Therefore, we prepared individual alanine point mutations within E47 helix 1 residues 351, 353, 356, 357, 358, and 359 and loop residues 370 to 374 (Fig. 4A ). Since these mutations could directly affect E47 homodimerization properties or E47 DNA binding alone, it was important to explore the activity of each E47 mutant in the absence of Pip. We transfected the E47-Pip reporter construct into NIH 3T3 cells with each E47 mutant in the absence and presence of Pip. The activity of each mutant was compared to that of wild-type E47 alone or to that of wild-type E47 plus Pip (Fig. 4A) . Our goal was to identify E47 mutants that activated comparably to wild-type E47 alone but substantially lost synergy in the presence of Pip.
Several mutants with mutations within the helix 1 region lost synergy with Pip. These mutants include D351A, N353A, F356A, R357A, E358A, and L359A. Many of these mutants lost E47 activity alone, indicating an effect on either E47 dimerization or DNA binding. binding (65) . Leu 359 faces the hydrophobic interior of the helix, and Phe 356 stacks across the dimer interface and interacts with Lys 375, which along with Asn 353 contacts the phosphodiester backbone of DNA (14) . As expected, EMSA studies showed greatly reduced DNA binding with E47 mutants F356A, L359A, and T374A (Fig. 4B, lanes 5, 8, and 12 ) and moderate reductions with mutant N353A (lane 3). Therefore, the loss of activity of these mutants is unlikely to result from disruptions in Pip interaction. Several of the helix 1 mutants, however, did not affect E47 activity alone, indicating a potentially specific effect on E47-Pip synergy. These mutants are D351A, R357A, and E358A. These residues lie within stripes of either acidic (Asp 351 and Glu 358) or basic (Arg 357) residues on the surface of helix 1 (14) . EMSA studies showed that these mutants bound to DNA efficiently (Fig. 4B,  lanes 2, 6, and 7) , In fact, D351A bound to DNA even better than wild-type E47, consistent with its stronger transcriptional activity (Fig. 4A, lane 2) .
Three of the E47 loop mutants (D370A, Q373A, and T374A) showed reduced synergy with Pip. Gln 373 participates in hydrogen bonds with Gly 360, Gln 364, and Gln 381 (14) to stabilize the loop and orientation of helices 1 and 2. Therefore, loss of activity with the Q373A mutation may not relate to E47-Pip synergy. This mutant bound to DNA with slightly reduced efficiency (Fig. 4B, lane 11) . Thr 374 hydrogen bonds with Leu 377 and showed a greatly reduced ability to bind to DNA (lane 12). The most conclusive results were obtained with D370A, because this mutation did not affect E47 activity alone (Fig. 4A ) and bound to DNA efficiently (Fig. 4B, lane 9) .
In summary, our DNA binding and transfection data indicate that E47 residues Asp 351, Arg 357, Glu 358, and Asp 370 are involved in synergy with Pip.
Refinement of the E47-Pip-DNA model. Our initial protein-DNA models were prepared using linear DNA molecules without calculating bends introduced by the transcription factors. To better visualize the binding to E47 and Pip (IRF-1) on DNA, we prepared models which included bends in the DNA predicted from the published crystal structures (14, 15) . Although difficult to build due to the small overlap between the DNA sequences in the two crystal structures relative to that of the Ig 3Ј enhancer, combined with possible end effects, this model suggests that the enhancer may become slightly bowed around the two bound proteins (Fig. 5A and B) . This would result in the Pip N-terminal sequences coming in even closer proximity with E47 helix 1 and loop sequences than suggested with idealized DNA. Interestingly, the position of Pip Leu 24 (IRF-1 Met 8) in this model is very near E47 residue Arg 357 and possibly Glu 358 (Fig. 5C ). In addition, E47 Asp 370 lies near sequences at the C terminus of helix ␣2 and the following loop L2 in the Pip DNA binding domain (15) . E47 Asp 351, which loses synergy with Pip when mutated, does not directly interact with IRF-1 sequences in our model. However, Pip extends an additional 22 amino acids amino terminal to the comparable IRF-1 residue (Met 8), making it possible that these sequences contact E47 Asp 351. In general, there is a good correspondence between the proximity of E47 and Pip sequences in our models and their impact on transcriptional synergy when mutated. Therefore, we believe that our models are good approximations of the structures of E47 and Pip bound to adjacent sites within the Ig 3Ј enhancer. Function within the B-cell lineage. All of our transfection studies described above were performed with NIH 3T3 cells. To test whether similar activities are present within the B-cell lineage, we performed experiments with cells representative of either the plasma cell stage (S194 cells) or the pre-B-cell stage (3-1 cells). We previously observed (45, 50 ) that a reporter containing multimerized E47-Pip binding sites shows high transcriptional activity in S194 plasmacytoma cells. These cells express E47 and Pip proteins. As expected, transfection of the (E47-Pip) 4 LBKCAT reporter construct into S194 plasmacytoma cells resulted in high levels of transcriptional activity (Fig.  6A) . However, insertion of a single base pair between the E47 and Pip binding sites [construct (E47-Ins1-Pip) 4 LBKCAT] abolished transcriptional activity (Fig. 6A) , similar to our results with NIH 3T3 cells (Fig. 2) . Previously we showed that mutation of either the E47 or the Pip site in the context of the intact enhancer core resulted in a 75% reduction in enhancer activity in plasmacytoma cells (45) . We tested the effect of the single nucleotide insertion between the E47 and Pip sites in the context of the enhancer core and found a similar 75% decrease in enhancer function (Fig. 6B) . Therefore, E47-Pip synergy plays an important role in overall enhancer function. Since S194 cells apparently support E47-Pip synergy, one would predict that Pip proteins that cannot synergize with E47 would function as dominant negative mutants in these cells. Indeed, while transfection of wild-type Pip led to a nearly threefold further increase in transcription, Pip mutants lacking residues 2 to 24, or mutants containing only the Pip DNA binding domain (and thus lacking the activation domain), failed to activate transcription and instead led to a reduction in transcriptional activity (Fig. 6C) . 3-1 pre-B cells contain low levels of Pip protein and do not support high levels of E47-Pip synergy (50) . Transfection of wild-type Pip into these cells resulted in a ninefold transcriptional activation through the E47-Pip binding sites (Fig. 6D) . On the other hand, a Pip mutant lacking the N-terminal 24 amino acids and a mutant containing only the Pip DNA binding domain both failed to activate transcription in 3-1 cells (Fig. 6D) .
Pip can bind to the Ig heavy-chain intron enhancer. Pip has not previously been shown to bind to the Ig heavy-chain enhancer. However, preliminary chromatin immunoprecipitation studies provided evidence for Pip binding sites within the heavy-chain enhancer region (data not shown). Interestingly, the heavy-chain enhancer E4 site shows similarity to the E47-Pip site from the kappa 3Ј enhancer. Therefore, we performed EMSA with the E4 heavy-chain site as probe, using the kappa E47-Pip site as a positive control (Fig. 7A, lanes 1 to  6) . E47 efficiently bound to the E4 probe, but Pip 1-182 bound weakly (lanes 4 to 9). Coincubation of both proteins resulted in a modest increase in DNA binding on the E4 probe (lanes 4 and 6). This sequence may therefore represent a weak E47-Pip motif. We searched for the existence of other potential Pip sites by using a 220-bp HinfI DNA fragment that encompasses the entire heavy-chain enhancer core region. This probe resulted in efficient binding by both E47 and Pip (Fig.  7B, lanes 1 and 2) . Interestingly, increasing amounts of Pip protein in the presence of E47 resulted in progressive decreases in complex mobility, suggesting the presence of multiple Pip sites within the heavy-chain enhancer fragment (Fig.  4B, lanes 3, 6, 9, and 12) . The potential significance of these Pip sites within the heavy-chain enhancer was explored in experiments described below. Pip can stimulate E47-dependent induction of I sterile transcripts at the heavy-chain locus. Previously it was shown that E47 transfection into either pre-T cells or fibroblasts induces expression of germ line Ig heavy-chain transcripts from the I promoter adjacent to the heavy-chain intron enhancer (Fig. 7C) (8, 58) . In light of the above EMSA data showing Pip binding to the Ig heavy-chain enhancer, we sought to determine whether E47-Pip synergy might augment expression of E47-induced I transcripts. NIH 3T3 cells were transfected with plasmids expressing either E47, Pip, E47 plus Pip, or E47 plus Pip⌬2-24 (which cannot synergize with E47 [ Fig. 3A] ). RNA was isolated from transfected cells and subjected to RT-PCR with primers specific for heavy-chain sterile I transcripts or with actin as a control. As previously reported (8, 58), E47 induced expression of endogenous I transcripts (Fig. 7C , compare lanes 1 to 3 with lanes 13 to 15). Transfection of Pip alone did not induce these transcripts (lanes 4 to 6). However, the combination of E47 plus Pip resulted in a dramatic 5-to 10-fold induction of endogenous I transcripts (lanes 7 to 9). If this induction is due to E47-Pip synergy rather than each protein individually stimulating expression, the Pip⌬2-24 mutant should function as a dominant negative mutant. Importantly, Pip⌬2-24 cotransfected with E47 resulted in reduced levels of I transcripts compared to E47 alone (Fig. 7C, lanes  10 to 12) . The lack of induction by Pip alone and the dominant negative effect of Pip⌬2-24 indicate that the increased I expression is due to E47-Pip synergy rather than to each protein functioning independently. We conclude that E47-Pip synergy can stimulate expression of endogenous germ line I transcripts involved in somatic rearrangement and isotype class switch recombination of Ig genes.
DISCUSSION
Mechanism of E47-Pip interactions.
Our results define a novel mechanism of interaction between HLH and IRF domain proteins. E47 residues important for E47-Pip synergy include Asp 351, Arg 357, Glu 358, and Asp 370. Three of these residues (Asp 351, Arg 357, and Glu 358) lie on the outer surface of E47 helix 1 (14) . These residues apparently make important direct contacts with Pip N-terminal sequences. Indeed, our molecular model in Fig. 5 suggests close contacts between Pip residue Leu 24 and E47 residue Arg 357 (and possibly Glu 358). Pip Leu 24 and E47 Arg 357 may contact one another through hydrophobic interactions between their long aliphatic side chains. Although E47 Asp 351 is more distant from Pip in the model in Fig. 5 , this aspartate may contact residues in the N terminus of Pip that are not present in the corresponding IRF-1 structure. Alternatively, substitution of Asp 351 may indirectly perturb interactions of E47 and Pip, perhaps by perturbing the HLH structure. Interestingly, this substitution also led to an enhancement of DNA binding by E47 (Fig. 4B) .
Our data also indicate a role of E47 Asp 370 in synergy with Pip. This E47 loop residue is predicted by our model (Fig. 5) to make contacts within the Pip DNA binding domain in the vicinity of Pip residues 76 to 82. These residues (LFKGKFG) form a positively charged cluster at the C terminus of helix ␣2 and within loop L2 of Pip, with the latter being followed by the recognition helix ␣3 (15) . Further mutagenesis studies will be required to establish the mechanism of E47 Asp 370 interaction with regions of Pip beyond its N terminus.
The 10-to 15-fold increase in E47 DNA binding in the presence of Pip (45) could be the primary mechanism responsible for E47-Pip transcriptional synergy. However, it is clear that synergy requires both the E47 and Pip activation domains (45) , suggesting that a simple increase in DNA binding by E47 and Pip is not sufficient for synergy. Other functions mediated by the E47 and Pip activation domains are required. We cannot exclude the possibility that contacts between E47 and Pip on DNA generate a novel interaction surface for a coactivator protein responsible for potent transactivation function. Such interactions could recruit coactivators to the complex or could stabilize interactions with the SAGA complex, which is known to interact with E47 (38) .
Our results also indicate that the Pip N-terminal 24 amino acids inhibit Pip DNA binding when Pip is assayed alone (Fig.  3B) . Deletion of these residues enabled Pip to bind to DNA better than unmutated Pip. Similar results were observed by Yee et al. (69) , who showed that deletion of Pip residues 1 to 19 increased DNA binding two-to fivefold. In contrast, while deletion of Pip residues 2 to 24 increased Pip binding alone, this deletion greatly reduced cooperative DNA binding in association with E47. Interestingly, nuclear magnetic resonance measurements by Yee and coworkers (69) indicated that residues 1 to 19 of Pip may be unstructured in the isolated protein. Similarly, the N-terminal six residues in the IRF-1 crystal with the E4 probe. (B) Pip binds to the heavy-chain intron enhancer region. EMSA was performed with a 220-bp HinfI DNA fragment containing the entire heavy-chain intron enhancer core. Proteins added are indicated above the lanes. The mass in micrograms of Pip 1-182 added is shown at the top. Arrows point to either the Pip 1-182-DNA complex or the E47-Pip-DNA complex. (C) E47-Pip synergy stimulates endogenous sterile I transcripts. NIH 3T3 cells were transfected with plasmids expressing E47, Pip, E47 plus Pip, or E47 plus Pip⌬2-24. RNA was isolated from transfected cells and subjected to RT-PCR with primers specific for sterile I or actin transcripts. The top panel shows a map of the heavy-chain locus and diagrams I transcripts. The middle panel shows results of RT-PCR assays using fourfold-increasing amounts of cDNA with either I-specific or actin-specific primers. The data in the middle panel were quantitated by phosphorimager analysis, normalized for transfection efficiency by ␤-galactosidase activity, and then normalized to the actin control. The histogram in the bottom panel shows the normalized level of I transcripts in each lane. The identities of the constructs used in each transfection are shown above the lanes. VOL. 22, 2002 E47-Pip SYNERGY 7347 structure (comparable to Pip residues 1 to 22) used in our computer models appear to be flexible as evident by a lack of observable electron density (15) . A possible explanation for these Pip DNA binding properties is that the unstructured N-terminal tail plays an inhibitory role in protein-DNA interaction, perhaps through electrostatic effects (69) . However, in association with E47, at least some of these sequences may take on a more ordered structure and increase Pip-E47-DNA interactions. This is consistent with our observation that even a single-base-pair insertion between the E47 and Pip sites in the Ig 3Ј enhancer eliminates synergy. Thus, a precisely defined interface appears to be required for the cooperative interaction between the two proteins.
Interaction with other proteins. E2A and Pip are both known to interact with a variety of proteins. E2A proteins can be positively or negatively regulated by association with Id, Erg-3, Ets-1, Fli-1, Lmx1.1, Lmx1.2, Pitx proteins, and Pip (4, 31, 45, 46, 53, 55) . Similarly, Pip can be positively regulated by interaction with PU.1 (12, 51, 52) or negatively regulated by interaction with BCL6 or Blimp (26, 27) .
Pip interaction with PU.1 results in cooperative DNA binding and transcriptional synergy (12, 13, 51, 52) similar to those observed here with E47. However, the transcriptional synergy between E47 and Pip is much stronger (50-to 100-fold) than the PU.1-Pip synergy (5-fold) (52) , and different segments of Pip are important. Cooperative DNA binding between PU.1 and Pip requires Pip C-terminal sequences, particularly residues 398 and 399 (6, 7), while we find here that Pip N-terminal sequences are needed for maximal binding with E47. The distinct mechanisms of PU.1-Pip and E47-Pip DNA binding probably relate to the opposite orientations of the Pip site relative to the PU.1 and E47 sites, respectively (45, 50, 51) . In addition to the N-terminal and C-terminal regions of Pip involved in PU.1 and E47 interaction, Pip also interacts with other IRF proteins via residues 245 to 412, defined as the IAD region (41, 64) . Thus, Pip functions can be modified by interaction with a variety of distinct proteins.
The E47-Pip interaction that we observe here defines a novel mechanism that may be utilized by other members of the HLH and IRF families. Helix 1 is highly conserved between E47, E12, HEB, and daughterless (14) . All of these proteins contain an aspartate residue at the position comparable to E47 Asp 351. Similarly, all contain a basic residue at the position comparable to E47 Arg 357 and acidic residues at positions comparable to E47 Glu 358 and Asp 370. Similarly, Pip Leu 24 is conserved at the comparable position in IRF family members ICSBP and ISGF3␥ (12) . These homologies suggest that other HLH-IRF family member synergies might exist. Indeed, we previously showed that ICSBP can synergize with E47 in transcription (45) . This synergy could potentially take place in macrophages and lymphoid cell types, where both ICSBP and E2A proteins are coexpressed (36) . IRF-1, which contains a methionine at the position of Pip Leu 24, does not synergize with E47 (unpublished data). It will be very interesting to determine whether ISGF3␥ can synergize with E47, because like E2A, ISGF3␥ is expressed in most cell types.
E47-Pip synergy and B-cell functions. Both E47 and Pip levels increase at late stages of B-cell development or after activation of primary B cells (12, 19, 25, 27, 40, 54) . We found that E47 and Pip can both bind to the Ig 3Ј and the heavychain intron enhancers. What is the functional significance of the E47-Pip synergy that we observed at the kappa and heavychain loci? E47 and Pip are clearly important for enhancer activity and transcription of Ig genes. However, increased expression upon B-cell activation may be important for other crucial B-cell functions. E47 function on somatic rearrangement of heavy-chain and light-chain genes is well documented (1, 3, 20, 56) . E47 can induce sterile I transcripts at the heavy-chain locus as well as some germ line V gene transcripts (8, 20, 58) . The fact that Pip can greatly augment the ability of E47 to induce endogenous sterile I transcripts (Fig. 7C) suggests that E47-Pip synergy might contribute to Ig gene somatic rearrangement. However, Pip knockouts do not inhibit Ig rearrangements (42), indicating that E47-Pip synergy is not essential for this function. Instead, a later B-cell function may require E47-Pip synergy.
Late in B-cell development, E47 is needed for the heavychain class switch recombination necessary for conversion of IgM molecules formed in the primary immune response into effector classes needed for secondary immune responses (IgG, IgA, and IgM) (21, 54) . E2A proteins are highly expressed in the dark zone of germinal centers where Ig class switch recombination occurs (21, 57) . It is intriguing that activation of B cells through anti-CD40 and interleukin-4 treatment stimulates both E47 and Pip protein levels and that these treatments also stimulate class switch recombination in primary B cells (25, 27, 54) . The parallels between increased E47 and Pip protein levels and increased switch recombination suggest that E47-Pip synergy may be involved in class switch recombination. Our observed augmentation of sterile I transcript expression by E47-Pip synergy (Fig. 7C) is consistent with this idea. I transcripts might thus be regulated by E47-Pip synergy, while sterile germ line transcripts at other constant regions might be controlled by other factors. For instance, sterile transcripts at other constant regions appear to be controlled by factors such as C/EBP, BCL-6, STAT6, BSAP, NF-B, and PU.1 (10, 11, 17, 30, 34, 47, 62, 66) . Mutation of these factors might affect a subset of germ line transcripts and limit switch recombination to a subset of constant regions. Since I transcripts are required for all initial switch recombinations, mutations in either E47 or Pip would be expected to have a more universal effect. Such a scenario could be tested by determining whether dominant negative Pip mutants that cannot synergize with E47 inhibit heavy-chain class switch recombination. This result would be consistent with the inability of Pip knockout mutant animals to mount secondary immune responses (42) . The availability of Pip dominant negative mutant ⌬2-24, which cannot synergize with E47, will enable us in the future to test the in vivo functional consequences of E47-Pip synergy.
